and HfO 2 thin films. Other researchers have investigated the transformation from monoclinic phase to tetragonal phase in HfO 2 [5] , as well as its mechanical [11] , optical, and elastic properties [12] . Even with this range of study, some properties of IVTMO 2 , particularly their mechanical properties, are not well understood . For example, elastic anisotropy in thin films usually leads to microcracks, and differences in thermal expansion between a film and matrix might induce a dropping of the film from the matrix.
INTRODUCTION
Triplet group-IVB transition metal dioxides (IVTMO 2 ) such as TiO 2 , ZrO 2 , and HfO 2 have attracted a great deal of attention in recent years [1−5] because of their extraordinary physical and chemical characteristics, including their high bulk modulus, high thermodynamic stability, high melting point, low diffusivity, and excellent adherence to supports. These compounds can form in a variety of crystal structures depending on the pressure, temperature, dopant content, and growth conditions, and they have wide applications ranging from superhard protective coatings to catalyst substrates. Furthermore, IVTMO 2 is a suitable replacement for high-performance microelectronic gate dielectrics [6, 7] .
There are many investigations on the properties of IVT-MO 2 . For example, Cava et al. [8] found that doping Ta 2 O 5 with TiO 2 increased its relative dielectric constant by four times. Debernardi [9] investigated the structural and vibrational properties of TiO 2 and HfO 2 , finding that the fluorite phases of both metal dioxides were structurally unstable. Zhao et al. [10] investigated the crystallization and phase transformation from tetragonal to monoclinic in ZrO 2 was stabilized to within 5×10 −6 eV, the force acting on each atom of cells after optimization was less than 0.01 eV Å −1 , the residual stresses of the cell was less than 0.02 GPa, and the tolerance offset was less than 5×10 −4 Å. Convergence was therefore achieved.
Elastic properties and their anisotropies
With the geometry optimized for each degree of freedom in the crystal structure, the lattice parameters agree with the experimental values. Next, the elastic constants and elastic modulus were calculated for each ground-state crystal through linear fitting of stress-strain curves. In general, the elastic constants were calculated using the stress-strain curve or ensemble averages of the fluctuations in stress.
Here the elastic constants with respect to the finite strain are defined as follows [27] :
where σ ij and e kl are the applied stress and Eulerian strain tensor, and X and x are the coordinates before and after the deformation, respectively. From this we obtain: where δ and C ijkl are the finite strain and the second-order derivatives of total energy with respect to the infinitesimal strain, respectively. Because the stress and strain tensors are symmetric, the elastic constants have 21 independent components for the triclinic phase, and they are reduced to 13 components for the monoclinic phase. Thus, for baddeleyite-type MO 2 , the elastic stiffness constants matrix is given by: 
The corresponding matrix of elastic compliance constants is given by: 
To calculate the bulk modulus and shear modulus, we used the models of Voigt and Reuss, respectively. The bulk modulus and shear modulus for monoclinic structure are given by [28] :
Based on extreme value principle, Hill [29] proved that Voigt's and Reuss's models are the upper and lower limits of the elastic constant, respectively. The arithmetic mean Voigt-Reuss-Hill (VRH) value is closer to the experimental result.
Using Hill's bulk modulus and shear modulus, we obtained the Young's modulus and Poisson ratio for each material in its polycrystalline form:
3 2 2(3 )
When studying the mechanical properties of a thin film, the influence of microcracks and lattice distortion are often considered. Elastic anisotropy is often the essential prerequisite for microcracks and lattice distortion. Thus, research on elastic anisotropy helps in designing materials with better mechanical durability. To quantitatively study the anisotropy of a single crystal, we calculated the universal anisotropic index A U [30] , which describes the anisotropy of elasticity for single crystals:
where A U = 0 refers to a locally isotropic single crystal. A nonzero A U corresponds to some degree of elastic anisotropy.
Alternatively, the elastic anisotropies in percentages [31] are expressed as follows:
where Table 1 gives the optimized geometric parameters. The LDA potential field underestimates the lattice constants, while the GGA potential field overestimates the lattice constants, so we used both methods with the USPP and the NCPP. Because m-TiO 2 is a high-pressure phase, an external stress of 20 GPa was applied to the material in the calculation. Table 1 reveals that the structural parameters of the three m-MO 2 materials calculated by both the LDA and GGA agree well with the experimental results.
CALCULATED RESULTS AND DISCUSSION

Structural parameters
In the LDA, the nuclei are assumed to be far from each other. Thus, electrons move in the crystal lattice approximately like they are in a homogeneous field. Thus, the LDA can be suitable for modeling all kinds of ground-state properties, especially elastic properties, the equation of states, and phase transitions at high pressure and high temperature. In the GGA, a charge gradient is introduced to modify the local changes in charge density. The GGA-calculated structures, energies, and gaps agree well with experimental data. In the USPP, a generalized orthogonal normalization condition is introduced, which makes the wave functions smoother, so fewer basal plane waves and only a small cutoff energy are required. Otherwise, calculations with the NCPP require high cutoff energies to avoid reducing ac-ARTICLES SCIENCE CHINA Materials curacy. The NCPP usually gives the correct charge density and is adaptive for self-consistent calculations.
Elastic properties
Elastic constants characterize how a crystal lattice reacts to external stress within the elastic limit. Table 2 shows the elastic constants and elastic moduli of the three dioxides. A monoclinic system has thirteen independent elastic constants, and its mechanical stability criteria are as follows [28] : Table 2 meet these criteria, indicating that the three dioxides are mechanically stable.
The LDA potential field overestimates the elastic constants, and the GGA potential field underestimates them. Thus, we give both two data sets in Table 2 . In brief, we only analyze the data from the LDA and USPP.
All m-MO 2 show C 22 >C 11 >C 33 , agreeing with others' calculated results [11, 12, 35, 36] and experimental data [37] . This relationship shows that the resistance to compression decreases in the order of these directions y→x→z. It also manifests that the binding strength between adjacent atomic bonds on {010} planes is the highest, and that on {001} planes is the lowest. For m-TiO 2 , C 66 >C 55 >C 44 means that its resistance to shear deformation is strongest on {001} planes and weakest on {100} planes. For m-ZrO 2 and m-HfO 2 , their resistance to shear deformation is weakest on {010} planes. Table 2 lists the Cauchy pressure and its average values, where cp1 = C 23 −C 44 , cp2 = C 13 −C 55 , and cp3 = C 12 −C 66 . If the interatomic forces can be described by a potential that only depends on the distance between atoms, and if all atoms in an unstrained crystal occupy centers of inversion symmetry in the lattice, then the Cauchy pressure vanishes:
This form of the potential excludes torsional, or bending forces (present in covalent crystals) and interatomic forces that vary with atomic volume (present in metals). Because Cauchy pressure-also defined as the difference between the two particular elastic constants-is an indicator of ductility: if the pressure is positive (negative), then the material should be ductile (brittle). A greater magnitude of Cauchy pressure with a positive (negative) sign indicates greater ductility (brittleness). The Cauchy pressures in Table 2 show that m-HfO 2 is the most ductile among the three dioxides. Table 2 lists some parameters for the polycrystalline dioxides: the bulk modulus B, shear modulus G, Young's modulus E, Pugh modulus ratio G/B, and Poisson's ratio.
According to Pugh's criterion [40] , materials with a Pugh modulus ratio G/B>0.57 show brittleness, while materials with G/B<0.57 show ductility. In the LDA calculation, the G/B in Table 2 indicates that m-TiO 2 , m-ZrO 2 , and m-HfO 2 all show ductility, and the order of G/B is TiO 2 > ZrO 2 >HfO 2 , indicating that m-TiO 2 has the highest directing property of bonds, while m-HfO 2 has the lowest; this result agrees with the analysis of Cauchy pressure.
Poisson's ratio ν is the ratio of transverse strain to longitudinal strain in a material, reflecting its volume change with uniaxial deformation; ν can also effectively demonstrate the condition of atomic binding force. Poisson's ratio Data are from a: [37] ; b: [38] ; c: [39] ; d: [11] ; e: [12] .
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can formally take values of 1 (B<<G) to 0.5 (B>>G), which respectively are the lower limit, where the material does not change its shape, and the upper limit, where the volume remains unchanged. For central force solids, Poisson's ratio is bounded by the lower limit of 0.25 and the upper limit of 0.5. When ν is 0.25-0.5, the atomic binding force is a central force. Table 2 shows that the central force of the m-MO 2 is the atomic binding force.
Hardness
Hardness is the ability of a material to resist elastic deformation, plastic deformation, or failure under external force. External forces applied to a solid material can cause translations or rotations, or they can induce stresses that produce strain in the material. These strains manifest in volume, shape, and rotational changes. The stress and strain tensors of a material are expressed in terms of the elastic stiffness constants C ij . The magnitude of each elastic constant increases as a solid's resistance to elastic deformation increases [41] . However, hardness cannot yet be calculated exactly. There are several models for estimating hardness. For example, Gao et al. [42] proposed a formula for covalent compounds that suits diamond-like superhard materials quite well. Chen et al. [43, 44] In Table 3 , the values of Vickers hardness calculated with the LDA are slightly larger than those calculated with the GGA for m-TiO 2 and m-ZrO 2 , and the values from Tian's model are larger and closer to experimental data than those from Chen's. Even so, the theoretical values from both Chen's and Tian's models are smaller than the experimental data, indicating that other factors should be accounted for in determining hardness.
These results also show that the m-MO 2 are not superhard materials; a superhard material must have an H v greater than 40 GPa, and usually it must be nearly isotropic-otherwise, it will preferentially deform in a specific direction [48] . Figs 2 and 3 show their high anisotropy. The order of hardness (m-HfO 2 <m-ZrO 2 <m-TiO 2 ) agrees with the order of anisotropy (m-HfO 2 >m-ZrO 2 >m-TiO 2 ). All the dioxides have moderate hardness, ~10 GPa. m-TiO 2 is the hardest (12.9 GPa from LDA; 11.9 GPa from GGA); m-ZrO 2 is the second hardest (10.7 GPa from LDA; 9.7 GPa from GGA); and m-HfO 2 is the least hard (8.6 GPa from LDA; 9.6 GPa from GGA). The calculated values of hardness for m-ZrO 2 and m-HfO 2 agree with the experimental data.
Minimum thermal conductivity
At present, MO 2 materials are usually prepared as thin films. Because the binding force between a thin film and its matrix is affected by high temperatures, it is important to research the thermal conductivities of MO 2 materials.
The acoustic wave velocity of a material is closely related to its thermal conductivity. Thermal conductivity declines as temperature increases, so knowing its minimum thermal conductivity κ min is significant to the material's use as temperature rises. Here, we calculated the thermal conductivities in multi-crystal systems of the three m-MO 2 based on Clark Model [49] 
and Cahill Model [50]:
Clark model: κmin = 0.87kBMa
Cahill model:
where E is Young's modulus, ρ is the density, k B is the Boltzmann constant, M a = [M/(n•N A )] is the average mass of atoms in the lattice, M is the molar mass, n is the number of atoms in a molecule, N A is Avogadro's number, p is the number of atoms in a unit volume, and v t and v l are the average waves of the acoustic transverse and longitudinal waves, respectively, expressed by
Cahill's model produced slightly larger values than Clarke's model. Cahill's model considers the atomic number density and the phonon spectrum, while Clarke's model does not account for contributions to conductivity from optical phonons [51] . Thus, Clarke's model will underestimate the thermal conductivity. Also, the data obtained by Cahill's model should be closer than Clarke's model to the Data are from a: [47] ; b: [12] . 
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real values. The mass density of the material is used to calculate its Debye temperature [52] .
1/3 Table 4 lists some calculated data, including the acoustic wave speed, minimum thermal conductivity, and Debye temperature. For all three m-MO 2 , the values of minimum thermal conductivity and Debye temperature calculated from the LDA and GGA deviate slightly from each other, especially for m-TiO 2 . Table 4 shows that, for a calculation with either LDA or GGA, the values from Cahill's model are slightly larger than those from Clark's model. This difference occurs because Cahill's model considers the atomic number density and the phonon spectrum, while Clarke's model does not account for contributions to conductivity from optical phonons. Thus, Clarke's model will underestimate the thermal conductivity. Also, the calculations from Cahill's model should be closer than Clarke's model to the real values [56] . In Cahill's model, the minimum thermal conductivity is largest in m-TiO 2 and smallest in m-HfO 2 . The experimental data for ZrO 2 and HfO 2 are 2.2 and 1.4, respectively. These values are only slightly larger than the minimums we calculated here, indicating that our calculations are reasonable. Among the m-MO 2 , m-TiO 2 had the highest Debye temperature, indicating it might have a higher melting temperature.
Anisotropy
Elastic anisotropy
According to Equations (9) and (10) B −1 = (S11+S12+S13)l1 2 +(S12+S22+S23)l2 2 +(S13+S23+S33)l3 2 +(S15+S25+S35)l3l1 (16)
where S ij are the compliance constants, and l 1 , l 2 , and l 3 are the directional cosines. In a 3D representation, an isotropic system must be spherical, and deviation from that spherical shape indicates the degree of anisotropy. A material with greater anisotropy is usually more likely to develop microcracks. As such, more care is required when preparing m-HfO 2 thin films than the other dioxides. Moreover, the high A U of m-HfO 2 means it cannot be superhard: an ideal superhard material is isotropic; otherwise, it will preferentially deform in a specific direction [48] . For example, diamond and c-BN have an A U of 0.06 and 0.19, respectively [58] , far less than that of m-HfO 2 . Data are from a: [53] (this experimental value is for films); b: [54] ; c: [11] ; d: [55] . , and 4, we find that the bulk modulus is more anisotropic than Young's modulus, which in turn is more anisotropic than the minimum thermal conductivity.
Plastic anisotropy and ideal strength
To investigate the mechanisms of mechanical deformation in the dioxides, we calculated and plotted the stress-strain curves on the 
One way to describe wave propagation is slowness, the reciprocal of acoustic speed. When acoustic waves propagate only on the (100), (010), and (001) planes, the Christoffel equation can be solved analytically for cubic, hexagonal, trigonal, tetragonal, and orthorhombic phases. For monoclinic and triclinic phases, the equation can be solved analytically. Fortunately, it can be solved numerically on the three planes. Fig. 6 shows the plotted numerical solution.
The Christoffel equation has three solutions on each plane: S1, S2, and S3; here, S1>S2>S3. One can know the vibration modes-for example, the transverse, longitudinal, or pure shear-of S1, S2, and S3 for cubic, hexagonal, trigonal, tetragonal, and orthorhombic phases. In the monoclinic and triclinic phases, the vibration modes are related to all plastic constants C ij . Thus, the acoustic wave in the monoclinic and triclinic phase can combine all possible vibration modes.
The slowness of m-TiO 2 on the xy-plane is nearly isotropic. In each m-MO 2 , the order of anisotropy in slowness is A(xy-plane)<A(yz-plane)<A(zx-plane). And this order for the materials is A(m-TiO 2 )<A(m-ZrO 2 )<A(m-HfO 2 ). The faster the acoustic wave propagates, the more isotropic the slowness appears to be.
CONCLUSIONS
We studied the elasticity, anisotropy, hardness, and minimum thermal conductivity of monoclinic transition metal dioxides: m-HfO 2 , m-ZrO 2 , and m-TiO 2 . The calculated results show that all three m-MO 2 are mechanically stable and that their central force is the atomic binding force. Moreover, all three dioxides show elastic anisotropy in order of m-HfO 2 >m-ZrO 2 >m-TiO 2 . m-TiO 2 has the highest hardness and directing property of bonds, while m-HfO 2 has the lowest of both. m-HfO 2 has the lowest G/B, indicating that it is the most ductile among the m-MO 2 . The dioxides are not superhard: they only have moderate hardness of ~8-13 GPa. We also calculated their Debye temperatures and minimum thermal conductivities. m-HfO 2 can be used as a heat-insulating coating because of its low minimum 
